Ultracold atoms in optical lattices are a versatile tool to investigate fundamental properties of quantum many body systems. In particular, the high degree of control of experimental parameters has allowed the study of many interesting phenomena such as quantum phase transitions and quantum spin dynamics. Here we demonstrate how such control can be extended down to the most fundamental level of a single spin at a specific site of an optical lattice. Using a tightly focussed laser beam together with a microwave field, we were able to flip the spin of individual atoms in a Mott insulator with sub-diffraction-limited resolution, well below the lattice spacing. The Mott insulator provided us with a large two-dimensional array of perfectly arranged atoms, in which we created arbitrary spin patterns by sequentially addressing selected lattice sites after freezing out the atom distribution. We directly monitored the tunnelling quantum dynamics of single atoms in the lattice prepared along a single line and observed that our addressing scheme leaves the atoms in the motional ground state. Our results open the path to a wide range of novel applications from quantum dynamics of spin impurities, entropy transport, implementation of novel cooling schemes, and engineering of quantum many-body phases to quantum information processing.
The ability to observe and control the position of single atoms on a surface of a solid via scanning tunnelling and atomic force microscopy has revolutionised the field of condensed matter physics [1, 2] . In few-atom systems, coherent control of single particles in e.g. an ion chain has proven crucial for the implementation of high-fidelity quantum gates and the readout of individual qubits in quantum information processing [3] . Bringing such levels of control to the regime of large scale many-body systems has been a longstanding goal in quantum physics. In the context of ultracold atoms in optical lattices, a major challenge has been to combine degenerate atomic samples with single-site addressing resolution and singleatom sensitivity. This full control is essential for many applications in condensed matter physics, such as the study of spin impurities [4] and quantum spin dynamics [5, 6] within quantum magnetism, entropy transport, the implementation of novel cooling schemes [7, 8] or digital quantum simulations based on Rydberg atoms [9] . For scalable quantum information processing, a Mott insulator with unity filling provides a natural quantum register with several hundreds of qubits. In order to exploit the full potential of such a large scale system for quantum computation, coherent manipulation of individual spins is indispensable, both within a circuit-based [10] or a one-way quantum computer architecture [11, 12] .
The quest to address atoms on single sites of an optical lattice has a long history [7, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In one dimension, single-site addressing was accomplished optically † present address: Department of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark. * Electronic address: stefan.kuhr@mpq.mpg.de in a long-wavelength lattice [23] , in which however tunnelling was completely suppressed, and using magnetic resonance techniques in a sparsely filled short-wavelength lattice [24, 25] . In two dimensions, an electron beam was used to depopulate sites of a Bose-Einstein condensate loaded into an array of potential tubes, each containing up to 80 atoms [26] . In this case, coherent spin manipulation was not possible and the readout was done by averaging over more than 100 single images. None of the experiments so far has shown single-atom spin control in strongly correlated systems together with high fidelity single-atom detection.
Here we report on the achievement of this goal, by demonstrating single-site-resolved addressing and control of the spin states of individual atoms in a Mott insulator in an optical lattice. The Mott insulator provided us with an almost perfect initial two-dimensional array of atoms in the same spin state. Apart from few thermal defects, each lattice site contained a single atom in its motional ground state [27, 28] . Using a tightly focused laser beam, we introduced a controlled differential energy shift between two atomic spin states at a given lattice site. Microwave radiation resonant with this shifted transition then allowed us to selectively address the spin of a single atom [7, 17] with high fidelity. We thereby obtained sub-diffraction-limited spatial resolution well below the lattice spacing. By moving the addressing laser beam to different lattice sites and by inducing spin-flips in the Mott insulator, we were able to deterministically create arbitrary two-dimensional spin patterns of individual atoms, thereby realising a scalable single-atom source [29] [30] [31] . Furthermore, we investigated how much our single-spin manipulation affects the motional state of the atoms by directly monitoring the tunnelling dynamics of single atoms after addressing them. Averaging over FIG. 1: Addressing scheme. a, Atoms in a Mott insulator with unity filling arranged on a square lattice with period a lat = 532 nm were addressed using an off-resonant laser beam. The beam was focussed onto individual lattice sites by a high-aperture microscope objective (not shown) and could be moved in the xy plane with an accuracy of better than 0.1 a lat . b, Energy diagram of atoms in the lattice for the two hyperfine states |0 and |1 . The σ − -polarized addressing beam locally induces a light shift ∆LS of state |1 , bringing it into resonance with a microwave field. A Landau-Zener sweep (central frequency ωMW, sweep width σMW) transfers the addressed atoms from |0 to |1 . several snapshots after different tunnelling times, we fully reconstructed the characteristic spatial probability distribution of the single-atom wave function and its coherent evolution over more than 20 lattice sites. We were able to discriminate the dynamics of the atoms in the zeroth and in the first band and found that most of the atoms remained in the motional ground state after addressing.
Experimental setup
In our experiments, we prepared a two-dimensional sample of ultracold 87 Rb atoms in an optical lattice, confined in a single antinode of a vertical standing wave along the z direction. Two pairs of counterpropagating laser beams (wavelength λ = 1064 nm) along the horizontal x and y directions provided a square lattice with period of a lat = λ/2 = 532 nm (for details see Ref. [28] ). Starting from a Bose-Einstein condensate we raised the potential in the x and y lattice axes within 75 ms to values of V x,y = 23(2) E r (the number in parenthesis denotes the 1σ uncertainty of the last digit), where E r = h 2 /(2mλ 2 ) is the recoil energy, and m denotes the atomic mass of 87 Rb. In this way, the interaction energy of the particles with respect to their kinetic energy was increased such that the system undergoes a quantum phase transition to a Mott insulating state [32] [33] [34] . Due to the external harmonic confinement, the Mott insulator exhibits a shell structure with fixed integer atom numbers increasing in a step-like manner from the outer regions of the system to the inner core [35, 36] . The initial state for all experiments presented in this paper was a single shell with only one atom per lattice site, which in our system was realised for atom numbers smaller than ∼ 400.
We detected the atoms using fluorescence imaging via a high-resolution microscope objective with numerical aperture of NA = 0.68. An optical molasses induced fluorescence light and simultaneously laser-cooled the atoms. Light-assisted collisions lead to rapid losses of atom pairs, such that we only detected the atom number modulo two on each lattice site [27, 28] . With about 5,000 collected photons per atom, we identified individual atoms in the lattice with an excellent signal-to-noise ratio. Even in the regions of high atomic density, we determined the presence or absence of an atom for each lattice site with > 99.5% fidelity using a special reconstruction algorithm [28] .
Addressing single lattice sites
In order to address the atoms in the lattice, we used an off-resonant laser beam focused by the high-resolution imaging system onto individual lattice sites (Fig. 1) . The laser beam causes a differential light shift of the two relevant hyperfine levels |0 ≡ |F = 1, m F = −1 and |1 ≡ |F = 2, m F = −2 and tunes the addressed atom into resonance with an external microwave field at ∼ 6.8 GHz. The σ − -polarized addressing beam had a wavelength of 787.55 nm, between the D 1 and D 2 lines, in order to obtain a large differential light shift between the two hyperfine levels. For perfect σ − -polarization, this 'magic' wavelength generates a light shift only for state |1 , and leaves state |0 unaffected. The beam had a diameter of ∼ 600 nm full-width at half-maximum (FWHM) and could be moved in the object plane over the entire field of view by changing its angle of incidence into the microscope objective with a two-axis piezo mirror. We were able to position the beam with an accuracy better than 0.1 a lat using an independent calibration measurement of its position together with a feedback that tracks the slowly varying lattice phases (see Appendix).
If the addressing laser beam is perfectly centered onto one lattice site (see Fig. 1b ), the differential light shift is ∆ LS /(2π) −70 kHz, whereas a neighbouring atom only experiences 10% of the peak intensity. The resulting difference in light shifts can be well resolved spectrally by our microwave pulses. In order to flip the spin, we performed Landau-Zener sweeps (see Appendix) of σ MW /(2π) = 60 kHz width and 20 ms duration yielding a near flat-top frequency spectrum with a maximum population transfer efficiency of ∼ 95%.
As a first experiment, we sequentially flipped the spin of the atoms at selected lattice sites in our Mott insulator with unity filling and spin state |0 (Fig. 2a) . The lattice depths were first changed to V x = 56 E r , V y = 90 E r and V z = 70 E r in order to completely suppress tunnelling even when the addressing beam locally perturbs the lattice potential. For each lattice site, we then switched on the addressing laser beam with an s-shaped ramp within 2.5 ms, which is adiabatic with respect to the on-site oscillation frequency of ∼ 30 kHz. Subsequently, a microwave pulse with the parameters described above produced spin-flips from |0 to |1 . The addressing laser was switched off again within 2.5 ms, before its position was changed in 5 ms to address the next lattice site. For the image of Fig. 2a , this procedure was repeated 16 times in order to flip the spins along a line. Finally, a 5 ms 'pushout' laser pulse, resonant with the F = 2 to F = 3 transition, removed all addressed atoms in state |1 . In order to reveal only the spin-flipped atoms, the spin states of all atoms were flipped by a global microwave sweep before the push-out laser was applied (Fig. 2c,d ). However, due to the finite transfer efficiency of the global sweep, some atoms remaining in state |0 were clearly visible in addition to the addressed ones. To avoid this problem when detecting the addressed atoms, we initially transferred the whole sample to state |1 by a microwave sweep and then shone in a repumping laser that completely depopulated state |0 . Then, we used our addressing scheme to transfer selected atoms back to |0 and subsequently pushed out the atoms in |1 , yielding typical images as shown in Fig. 2b ,e,f.
Spin-flip fidelity
We quantified the success rate of our addressing scheme by again producing a series of spin-flips along the y lattice axis in a Mott insulator with unity filling (see Fig. 3 ). The experimental procedure was the same as described above for the realisation of Fig. 2a , in which the addressed sites were detected as empty sites. From the reconstructed atom number distribution (Fig. 3a) , we determined the (20) nm, an edge sharpness of σs = 50(10) nm, and a peak fidelity of 95(2)%. The offset was fixed at the 6(2)% probability of thermally activated holes as deduced from the neighbouring and next neighbouring sites (blue shaded regions in a,b and blue points in c).
probability p 0 (δx) of finding an empty site as a function of the pointing offset δx between the addressing beam and the center of the lattice site (see Fig. 3b ). We also investigated the effect of the addressing on neighbouring atoms, which ideally should remain unaffected. For this purpose, we monitored the probability of finding a hole at the sites next to the addressed ones (dark blue regions in Fig. 3a,b and points in Fig. 3c) . In order to distinguish accidentally flipped neighbouring atoms from holes that originate from thermal excitations of the initial Mott insulator [28] , we also monitored the probability of finding a hole at the second next neighbours (light blue regions and points in Fig. 3 ). As both yielded the same hole probability of 6(2)%, we attribute all holes to thermal excitations and conclude that the probability of addressing a neighbouring atom is indiscernibly small. We fitted the hole probability p 0 (δx) of the addressed site with a flat-top model function (see Appendix), keeping the offset fixed at the thermal contribution of 6%. From the fit, we derived a spin-flip fidelity of 95(2)%, a full-width at half-maximum of σ a = 330(10) nm and an edge sharpness of σ s = 50(10) nm (Fig. 3c) . These values correspond to 60% and 10% of the addressing beam diameter, demonstrating that our method reaches sub-diffraction-limited resolution, well below the lattice spacing.
The observed maximum spin-flip fidelity is currently limited by the population transfer efficiency of our microwave sweep. The edge sharpness σ s originates from the beam pointing error of 0.1 a lat and from variations in the magnetic bias field. The latter causes frequency fluctuations of ∼ 5 kHz, which translate into an effective pointing error of 0.05 a lat at the maximum slope of the addressing beam profile. The resolution σ a could in principle be further reduced by a narrower microwave sweep, at the cost of a larger sensitivity to the magnetic field fluctuations. A larger addressing beam power would reduce this sensitivity, but we observed that this deformed the lattice potential due to the imperfect σ − -polarization, allowing neighbouring atoms to tunnel to the addressed sites.
Coherent tunneling dynamics
The preparation of an arbitrary atom distribution opens up new possibilities for exploring coherent quantum dynamics at the single-atom level. As an example, we studied the tunnelling dynamics in a one-dimensional lattice (see Fig. 4 ) which allowed us to determine how much our addressing scheme affects the vibrational state of the atoms. We started by preparing a single line of up to 18 atoms along the y direction before we lowered the lattice along the x direction to V x = 5.0(5)E r within 200 µs. At the same time, the other lattices were lowered to V y = 30 E r and V z = 23 E r , which reduced the external confinement along the x direction, but still suppressed tunnelling in the y and z directions. After a varying hold time t, allowing the atoms to tunnel along x, the atomic distribution was frozen by a rapid 100 µs ramp of all lattice axes to 70 E r . By averaging the resulting atomic distribution along the y direction and repeating the experiment several times, we obtained the probability distribution of finding an atom at the different lattice sites (Fig. 4, bottom row) . This probability distribution samples the single-atom wave function after a coherent tunnelling evolution. We observed how the wave function expands in the lattice and how the interference of different paths leads to distinct maxima and minima in the distribution, leaving for example almost no atoms at the initial position after a single tunnelling time (Fig. 4c) . This behaviour differs markedly from the evolution in free space, where a Gaussian wave packet disperses without changing its shape, always preserving a maximum probability in the center. For longer hold times, an asymmetry in the spatial distribution becomes apparent (Fig. 4d) , which originates from an offset between the bottom of the external harmonic confinement and the initial position of the atoms. We describe the observed tunnelling dynamics by a simple Hamiltonian including the tunnel coupling J (0) between two neighbouring sites and an external harmonic confinement, parameterized by the trap frequency ω trap , and the position offset x offs (see Appendix). A single fit to all probability distributions recorded at different hold times yields J (0) / = 940(20) Hz, ω trap /(2π) = 103(4) Hz and x offs = −6.3(6) a lat . This is in agreement with the trap frequency ω trap /(2π) = 107(2) Hz obtained from an independent measurement via excitation of the dipole mode without the x lattice, whose contribution to the external confinement is negligible compared to the other two axes. From J (0) , we calculated a lattice depth of V x = 4.6(1) E r , which agrees with an independent calibration via parametric heating. The expansion of the wave packet can also be understood by writing the initial localized wave function as a superposition of all Bloch waves of quasi-momentum q, with −π/a lat ≤ q ≤ π/a lat . To each quasi-momentum q, one can assign a velocity v q = 1 ∂E ∂q , determined by the dispersion relation E(q) = −2J (0) cos(qa lat ) of the lowest band. The edges of the wave packet propagate with the largest occurring velocity v max = 2J (0) a lat / = 1.88(4) a lat /ms, in agreement with our data. Our measurements constitute the first observation of the ground state tunnelling dynamics of massive particles on a lattice with single-site resolution. A similar continuous-time quantum walk has been demonstrated with photons in an array of evanescently coupled photonic waveguides [37] . For massive particles, a discrete quantum walk of single atoms has been observed using a sequence of spin manipulations and spin-dependent transports in an optical lattice [38] and also with trapped ions [39] . Without single-particle and single-site resolution, a continuous-time quantum walk in the ground state has been observed for ultracold fermionic atoms by measuring their ballistic expansion in a weak lattice [40] .
In a second tunnelling experiment, we observed the faster dynamics of atoms in the first excited band (see Fig. 5 ). For this, we deliberately excited the atoms by introducing a pointing offset δx of the addressing beam, which caused a shift of the potential wells during the switch-on. We repeated the same tunnelling experiment as above with a hold time of t = 1 ms for different pointing offsets δx. For a small pointing offset (δx = 0.1 a lat in Fig. 5b) we observed a narrow distribution, compared to a much broader one for a large offset (δx = −0.4 a lat in Fig. 5a ). We attribute this to different fractions f of atoms in the first band which is characterized by the higher tunnelling rate J (1) . We fitted the distribution of Fig. 5a to a two-band model (see Appendix) and found J
(1) / = 6.22 (6) kHz. This is in excellent agreement with the expected value of J
(1) / = 6.14(6) kHz from a band
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x Position (lattice sites) structure calculation in which we used J (0) as an input parameter to calculate the lattice depth. Our measurement of the fraction of excited atoms f as a function of the pointing offset δx (inset in Fig. 5b) shows that the atoms are strongly heated for large pointing offsets. By contrast, only a small fraction of the atoms is excited to the first band for small pointing offsets |δx| ≤ 0.1 a lat , yielding a ground state population of 1 − f = 87(2)%.
Discussion
In summary, we have demonstrated full twodimensional single-site and single-atom spin control in an optical lattice with sub-diffraction-limited spatial resolution. Starting from a Mott insulator with unity filling, we achieved a spin-flip fidelity of 95(2)% with negligible influence on the neighbouring lattice sites. Our scheme leaves most of the atoms in the vibrational ground state. The control of single spins in a strongly correlated manybody system on a lattice opens many new possibilities for studying quantum dynamics and quantum phases. Our technique will allow us to create out-of-equilibrium states or local perturbations in order to observe the ensuing dynamics of the many-body system, such as spin-charge separation [5, 6] or spin impurity dynamics beyond Luttinger liquid theory [4] . Our studies of the tunnelling dynamics at the single-atom level can be extended to correlated particle tunnelling [41] [42] [43] , also in higher dimensions, or to observe transport across local impurities [44] or potential barriers. The tunneling can also be used to circumvent the pairwise losses during the imaging [27, 28] by letting the atoms of a one-dimensional system spread along the perpendicular direction in order to obtain a sufficiently low density. Further prospects are the implementation of novel cooling schemes relying on the local removal of regions with high entropy [8, 45] . The singlespin control in our large systems with several hundreds of atoms also opens new perspectives for scalable quantum computing. Combining single-qubit manipulation with local readout and a global entanglement operation in a spin-dependent lattice [46, 47] would be the basis of a one-way quantum computer [11, 12] . For the circuit model of a quantum computer, two-qubit operations can be realised by Rydberg gates between selected atom pairs in the lattice [48, 49] .
Lattice phase feedback
In order to compensate slow phase drifts of the optical lattice, we applied a feedback on the position of the addressing beam. We determined the two lattice phases along x and y after each realisation of the experiment by fitting the position of isolated atoms. Averaging over the positions of typically 1 − 5 isolated atoms per image allowed us to determine the lattice phase to better than 0.05 a lat . For the determination of the phase, we used the lattice constant and the lattice angles determined from a fluorescence image with many isolated atoms [28] . Since our phase drifts were slower than 0.04 a lat between two successive realisations of the experiment (25 s cycle time), we used the lattice phase from the last image to correct the addressing beam position. This feedback was done by adding appropriate offsets to the piezo control voltages.
Microwave sweeps
Our microwave sweeps are HS1-pulses [50] with timedependent Rabi frequency Ω(t) and detuning δ(t) given by
where Ω 0 /(2π) = 3 kHz is the maximum Rabi-frequency, β = 5 is a truncation factor, T p = 20 ms is the pulse length, and σ MW /(2π) = 60 kHz is the sweep width. The detuning δ(t) is measured relative to the center of the sweep at ω MW = ω 0 − ∆ MW (see Fig. 1b ). Here, ω 0 is the bare resonance between the two hyperfine states, including the shift of -570 kHz due to the magnetic bias field along the z direction and ∆ MW /(2π) = −75 kHz denotes the offset of the sweep center.
Spin-flip fidelity
In order to determine the spin-flip fidelity, we fitted the hole probability p 0 as a function of the pointing offset δx (see Fig. 3b ) to a flat-top model function given by
Here, erf(x) = 2/ √ π
2 dτ is the error function, σ a denotes the full-width at half-maximum of the flattop profile and σ s the edge sharpness. We chose this model function since our HS1-pulses (see above) produce a flat-top population transfer profile, the edges of which are dominated by randomly fluctuating quantities (beam pointing and magnetic fields) following Gaussian statistics. The addressing fidelity is defined as F = A/(1 − B) taking into account that the maximum hole probability p max 0 = A + B also includes holes from thermal defects.
These yield a hole with probability B at unsuccessfully addressed sites which occur with probability 1 − F , such that p max 0 = F + (1 − F )B.
Single-particle tunneling dynamics
We describe the coherent tunneling dynamics on k = 2n + 1 lattice sites by the Hamiltonian 
where J (0) is the tunnel coupling in the lowest band, a + i (â i ) is the creation (annihilation) operator for a particle at site i. The strength of the external harmonic potential with trapping frequency ω trap is given by V ext = 
with the initial condition Ψ (0) (0) =â + 0 0 and the vacuum state 0 . The resulting probability of finding the particle at lattice site i after time t is P i (t)| 2 . For analyzing the data of Fig. 4 , we calculated the time evolution for k = 17 lattice sites.
Tunneling in the first excited band
When including tunnelling in the first band, we assume an incoherent sum P tot (t) of the distributions P (0) (t) of the zeroth and P (1) (t) of the first band as P tot (t) = (1 − f )P (0) (t) + f P (1) (t).
The HamiltonianĤ (1) in the first band and the coherent dynamics are identical to the ones of the zeroth band (Eqs. 3 and 4), except for a different tunnel coupling J (1) . When fitting this model to our data, we kept ω trap , x offs and J (0) fixed at the values obtained from the data displayed in Fig. 4 . We extracted J (1) from the data of Fig. 5a and used this value to fit the results for other pointing offsets. For the data in Fig. 5 , the parameters of our microwave sweep were such that also neighbouring atoms were addressed. We took this into account by summing over two distinct probability distributions with a second starting position in the direction of the pointing offset.
